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ABSTRACT

At different design stages of underground excavations, cored samples are taken and
tested to obtaingeotechnicatlesign parameterdaVhen samples are retrieved from high
stress environments, damage in the form of micracks may result inncorrect
estimates of these parameters. This research investigates the impact of coring and
overcoring on damage formation and the subsequentimplications for geotechnical design
parameters using the weldocumented case of the Underground Research Laboratory
(URL) in Gmada. It involves the generation of twedimensional (2D)models a)
continuumbasedheterogeneous (four minerdlypes) and homogeneous (one mineral)
models; and b) hybrid continuwgliscontinuum modelsconsisting oftriangular and
Voronoigrains. The 2D modedse calibrated againgihe laboratory properties of Lac du
Bonnet (LdB) granite and subjected to anloading(coring stress pathobtained from a

3D continuum model The simulation results using continuum modehgghlight the
importance of grairscale property heterogenejtin the formation ofunloadinginduced
damage The simulatedgrain and grain boundary damage in the heterogeneous model
NBadzZ § Ay | NBRdAzOGA2Y Ay  2dzy3Qa Y2 RdzZ dza
up to 29% and 22%, respectively. Using the hybrid methasldemonstratechow grair

scale heterogeneities promote tensile stresses, Iegdo micro-crack initiation and
opening and subsequent nonlinearity in the stresgain curve due to crack closure.

the next step, core drilling and overcoringre explicitly simulated usinghree-
dimensional (3D) contuum and discontinuummodels for various in situ stress
magnitudes and borehole orientations at the URie tensile strength and crack initiation
stress level of intacLdB graniteare used to assess the potential for damagethe 3D
continuum models This combined with the number of microracksfrom the 3D
discontinuum modelsdemonstrate an increase inpotential for core and overcore
damagewith increasing depthwith fewer micrecracks observed in samples drilled
parallel to the majoprincipal stress.
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CHAPTER
INTRODUCTION

1.1 Overview

Underground openings are created by the mining, civil, petroleum, and nuclear industries
for various purposes. The excavation of an underground opening changes the stress state
surrounding the excavation boundary, which may result in damage to the rock mis

major factors influencing the extent of damage and, as a result, the excavation instability
are the rock mass strength and field stresses (Read et al., 1998; Read et al., 2004).
Therefore, it is necessary to estimate the rock mass strength amrftefd state of stress

as accurately as possible for a reliable design of underground excavations. The estimation
of these parameters becomes even more important when designing a Deep Geological
Repository (DGR). DGRs are underground openings (roomshdies and tunnels)
excavated several hundred meters below the ground surface. They are used to store and
isolate the nuclear waste containing radioactive material that takes years to decompose
to a safe level of radiation (Martin et al., 1997; Read et1#198; Read et al., 2004). In a
DGR, it is critical to minimize any damage that may form around the excavation since it

can create a pathway from the sealed nuclear waste to the surface (Martin et al., 1997).

At different design stages of underground excavations, boreholes are drilled, and core
samples are taken to obtain the required geotechnical design parameters (e.g.,
deformation and strength properties of the intact rock as well as the in situ state of
stress). Martin and Stimpson (1994), Eberhaattal.(1999), Lim et al. (2012) and Bahrani

et al. (2015) discussed that the processddfling a core from a stressed medium may
induce micrecracks to the cores. In sewrases, these microrackamay result in visible
fractures which are often perpendicular to the core axis. This phenomenon is referred to

as core disking in the literatu(®artin and Stimpsonl994 Lim and Martin, 2010Figure
1



1-1a schematically shows the increase in the density of drilmdgiced micrecracks as

the sampling depth increases. An example of drilimduced fractures in a core taken

from the 420 m Level of the Underground Research Laboratory (URL) is illustrated in
Figure 1b. The drillingpduced micreON} O1 &4 Yl & RSONBIFAaS GKS ai
modulusk YR Ay ONB I a S ofdvell Gainples Zompired to thosé of in situ

rock (Martin and Stimpson, 1994)jigurel-1b presents a comparison between the stress

strain curves of the undamaged and damaged Lac du Bonnet (LdB) granite specimens. The
observed nonlinearity in the strestrain curve of the damaged LdB granite is attributed

to the closure of drillingnduced mero-cracks (Lim et al., 2012). As evidenfigurel-1c,

the drillinginduced micrecracks reduced the Unconfined Compressive Strength (UCS)
YR ,2dzy3Qa Y2Rdzdza 690 FNBY HHn atl yR

respectively.
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Figurel-1a) Stressnduced damage versus sampling depth (Lim et al., 2012); b) core disking
fractures in a sample taken from 420 m Level of URL (Lim and Martin, 2010); and c)-stress
strain curves of undamaged and damaged LdB granite (courtesy of Derek Martin gkd E

Eberhardt).

The cores drilled during the overcoring process for in situ stress measurement may also
get damaged (Martin and Christiansson, 1991). The overcored samples are tested
following overcore recovery in the field and later in the laboratory to obtain the elasti
properties of intact rock (i.e., E ang. The damage to the overcore may result in

dzy RSNBadAYFGAYy3d GKS | 2dzy3Qa Y2Rdzdza | yR
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incorrect estimation of these parameters may then result in an inaccurate estimation of
the in situ stress magnitudes leading to costly errors in the design of underground

openings.

Hence, there is a need for research to better understand the factors that lead to
core/overcore damage, estimate the level of core/overcore damage as a function of
depth and borehole orientation, and assess theirimpact on the laboratory properties and
behavior of intact rocks. To this end, various numerical modelling approaches have been
used in this research, based on available field and laboratory test data form the well

documented case of the URL in Manitoba, Canada.

1.2 Literature Review

DrilinghA Yy RdzOSR O2NB RI Yl 3S Kl a 06SSy (GKS &dzmes
Many researchers have used field observations, laboratory experiments and numerical
modeling to better understand core damage during the drilling process and its impact on

the laboratory properties of intact rocks. In this section, first, a brief review of the field
evidence of drillingnduced core damage is given, followed by the major research work

based on laboratory experiments and numerical modeling of coring processtwould

be noted that this thesis is papd&ased and comprised of three journal articles, each
presented as a chapter (i.e., Chaptet$)2Each chapter contains some form of literature

review on this topic. The literature review presented in this gectcomplements the

background materials in the following chapters.

1.2.1 Evidence of core damage

Atomic Energy of Canada Limited (AECL) conducted many in situ experiments at their URL,

located about 120 kilometers northeast of Winnipeg, Manitoba, Canada to better



understand the rock mass response to the excavation of underground openings in DGRs
(Martin et al., 1997; Read et al., 1998; Read et al., 2004). The URL was constructed in
massive, unfractured LdB granite (Martin et al., 1997; Read et al., 1998; Rea@@04).
Martin and Stimpson (1994) collected core samples at various dejathging from near

surfaceto as deep as 1000 m below the surface. The results of laboratory tests indicated

I NBRAZOGAZY Ay (GKS ' yO2YyTAY SR mocdRiIVsLEYENE 5 A &S

'y AYONBI &S Ay iwkhSncredsidgisanphh@QdeptMiguré 122 This
implies that either the irsitu rock was changing with depth or sample disturbance was
affecting the laboratory properties of the coreSigure 1-2a compares the in situ and
laboratory Pwave velocities as a function of depth. As can be seen in this figure, the in
situ Rwave velocity is relatively constant with depth while thevRve velocity measured

in the laboratory decreases with increasing sdimg depth. Therefore, it was concluded
that sample disturbance affected the laboratory properties of the rock (Martin and

Stimpson, 1994).
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Figurel-2 Properties of LdB granite with increasing sampling depth at the URL: a) UCS-and P
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Martin and Stimpson (1994jirther discussed thatore damage was observed when the
maximum faffield stress exceeded 10% of the intact rock UCS. Additiondille sample
disturbance affected the cohesive strength, it did not significantly affect the frictional
strength propertiesigurel-3). Figurel-3 illustrates the HoelBrown failure envelopes
fitted to the laboratory tests conducted on the LdB granite samples extracted from three
stress domains at the URL. Notably, the impact of cohesion loss manifested in the
reduction of the unconfined compressige&engths in the samples from stress domains I
and Ill. However, the strength envelopes have maintained a relatively consistent slope for

samples from all three stress domains (Martin and Stimpson, 1994).

4
500r Stress Domainlj
400¢
g
=  300; Stress
~ Domain |l
Y 7 (420 Level)
“— Stress
@_ Domain il
/ (240 Level)
-5 5 10 15 20 25 30
Og (MPa)

Figurel-3 HockBrown failure envelopes for LdB samples taken from three stress domains at
the URL. Note the cohesion loss for samples of stress domains Il and Il (Martin and Stimpson,
1994).

Eberhardt et al. (1999) also confirmed the presence of drilgiced damage in the LdB
granite cored samples through Scanning Electron Microscope (SEM). They performed
SEM analysis on two prepared thin sections of cores taken from 130 m, 240 m, and 420
m Levels of the URL. Their analysis showed that the density of-orecks increases

significantly as the sampling depth increases. Furthermore, as opposed to the 130 m Level

6



and 240 m Level thin sections, the mian@cks in the samples taken from the 420 m Level

of the URL were visible to the naked eye. The number of raicoks in the 420 m Level

thin sections was higher by three orders of magnitude than those of the 18ad240

m Levels. Eberhardt et al. (1999) also found that the shallower cores contained fewer but
long crackgmostly intergranular cracks)in contrast, cores obtained from the 420 m
Level contained more scattered miecoacks(mostly intragranular andtransgranular)
orientated at a variety of anglegigurel-4 shows two highly fractured quartz grains in

the LdB granite taken from the 420 m Level of the URL.

L

B ol T N B e B R R ot A RN ¥ G SRE Rtk E b i s AR R T TR
Figurel-4 SEM images of 420 Level LdB granite cores showing two highly fractured quartz
grains (Eberhardt et al., 1999).

Eberhardt et al. (1999) showed that although sample disturbance did not have a
significant impact on the crack initiation stress level)(of LdBgranite, it significantly
increased the crack closure stress level)(@nd decreased the craekamage stress level

0 cd). Tablel-1 compares the laboratory properties (i.€4c ¢, ca UCS, E, and) of the

cores taken from different stress domains at the URL. Through acoustic velocity
measurements, Eberhardt et al. (1999) also found that thveaRe and Svave velocities

in the 420 m Level core samples were approximately 30% of those of the 130ein Lev

samples.



Tablel-1 Laboratory properties of the cores taken from different stress domains at the URL.

130 m level 240 m level 420 m level Reference
No. of samples tested 20 5 5
/I NI O1 Q(MPa&) 47.3 (£2.7) 55.6 (x1.5) 74.8 (x1.0)
/I N O1 AYAG. 81.5 (¢3.7) 79.6 (¥2.3)  76.4(+¥3.7) Eberhardt et
(MPa) al. (1999)
/ NI O1 R YI !  156.0(x13.2) 147.4 (£9.1) 100.4 (x12.2)
(MPa)
UCSMPa) 200 (£ 22) - 157.1 (x17.7) Martin
E (GPa) 69 (+ 5.8) - 51.9 (£ 1.6) (1993)
"t (MPa) 6.9 (x1.1) - 1.5

Lim and Martin (2010) examined disking fractures in thegrdBite cores taken from the

420 m level of the URL to develop relationships between the core disk thickness and the

magnitude of the faffields principal stresses. They showed that core disking initiates

when the ratio of the maximum fafeld principald i NJ&)icithe ¢ensile strength of the

undamaged LdB granite exceeds 6.5. Additionally, the cores taken from closer to the collar

of the boreholes (close to the excavation boundary) contained fractures that formed

across the core generating severallmikter-thin disks Figurel-5). However, the cores

taken from towards the end of the boreholes (far from the excavation boundary)

developed fractures that were clearly visible but did not propagate across the core to

separate the core into disks. This type of core disking is reféorad partial disking.



Borehole start

Borehole end

Figurel-5 Core disking in 45 mm diameter LdB granite cores taken from a 2.54 m borehole at
420 Level of URL (Lim and Martin, 2010).

Figurel-1b presents a digital image of a partially disked core that is cut parallel to the
core axis. As can be seen in this image, some fractures were initiated at the outer surface
of the core and propagated toward the interior, whereas some others initiaethe

outer surfacewithout propagatingall the wayi 2 ¢ I NR (irkeSor. M@rddRQifiis
noticeable that the fracture surfaces are flat and perpendicular to the core axis, parallel
G2 0KS YI 22 NJ)diktignrOA LI £ adaNBaa o°

Lim et al. (2012) examined the digital images of nine granitic cores at the URL, Canada
and Forsmark, Sweden. Their results indicated that natural ru@oks (i.e., grain
boundary cracks) were dominant in the cores taken from depths less than 200 m. The
volume of the strestnduced micrecracks (intragranular and transgranular cracks)
increased with increasing depth. Intragranular micracks refer to those that lie within
mineral grains, while transgranular cracks refer to those that run across sewerefal

grains and grain boundariesSigurel-6a andFigurel-6b show the microphotographs of

solid and partially disked LdB granite cores, respectively, taken from the 420 Level of the
URL. This figure illustrates three types of micracks, including grain boundary,

intragranular, and transgranular cracks.



a) )

Figurel-6 Microphotographs of: a) solid; and b) partially disked LdB granite cores. Note:
guartz (Qtz), plagioclase (Plag)fé&ldspar (Kfsp), biotite (Bt), grain boundary (Grb),

intragranular (Intr) and transgranular (Tr). Size of images: 2</810 mm (Lim et aJ.2012).

Lim et al. (2012) further examined the miertack volumetric strain of the granitic cores
taken at different depths in Canada and Sweden. Their results showed an increase in the
micro-crack density as the sampling depths increased. They showed that mbes st

induced micrecracks formed subparalléo the major fatfield principal stress.
1.2.2 Laboratory investigations of core damage

One of the first laboratory experiments of core disking was conducted by Obert and
Stephenson (1965), who discussed that the state of stress under which core disking occurs
is not known. To determine the stress conditions leading to core disking, theyopedke

a laboratory test setup to triaxially load cylindrical specimens of six rock types: Indiana
limestone, Nova Scotia sandstone, Vermont marble, Maryland marble, Georgia granite,
and South Dakota chalk. In their test setup, the bearing plate, useddy #pe axial load,
contained a hole to accommodate the entry of a diamond drill for core drilling.
Subsequently, a core roughly half the size of the specimen was drilled. If core disking did
not happen, the triaxial load was increased, and another core dvdled from the same

rock type. This process was repeated for higher triaxial loads until core disking was

observed. Obert and Stephenson (1965) obtained the axial to radial stress ratio required

10



for core disking for all the rock types. Their experiments revealed that core disking occurs
GKSY GKS Ay &aAiddz adNBaa LISNLISYRAOdzZ I NJ G2
a vertical borehole) is higher than the vertical in situ stress, #nedhorizontal stress
exceeds half of the UCS of the intact rdeigurel-7 shows the solid and disked Maryland

marble and Georgia granite cores.

1

Figurel-7 Solid and disked

A

"cafes of Maryland markq).'lzé (Ift:) ‘d' Georéia granit (right) (Obert
and Stephenson, 1965).

Holt et al. (2000a) replicated the core drilling process in a laboratory setting employing
synthetic sandstone. Their objective was to investigate how and when diiichg-ed
damage occurs and to quantify the effect of such damage on the laboratory giregme
AyOfdzRAY3 !/ { YR 2dzy3Q& Y2Rdzf dzad® ¢KSe@

pressure to emulate typical fdireld stresses (forming point figurel-8a), referred to as

5

virgin material. The further compacted the virgin material (right sid€&igfire1-8a) to
obtain the stiffness. They considered two approaches to determine the UCS of the
synthetic rocks under pressure (i.e., in the intactffald situation). In the first approach,

illustrated inFigurel-8b, they performed the UCS test on the virgin material before any

11



unloading or core drilling. In this test, the axial and radial stresses were proportionally
reduced until the axial stress became equal to the expected UCS. Subsequently, the axial
stress was maintained constant while the radial stress was reduced tourgtiocore
failure. If failure did not occur, the axial stress was further increased until failure occurred

(Figurel-8hb).

Virgin Uniaxial Compaction (Kg)

Axial Stress
Axial Stress laf St

Forming

l

Radial Stress

Axial & Radial Stress
Axial & Radial Stress

Radial Stress

Time Time

a) b)

Uniaxial Core Compaction (Ky)
Axial Stress Axlal Stress

Forming
Coring Simulation

l

Axial & Radial Stress
Axial & Radial Stress

Radial Stress
Radial Stress

Time “ d) Time

c)
Figurel-8 a) Stress path for manufacturing the synthetic sandstone; b) axial and radial
stresses during the UCS test on virgin material under pressure; c) stress path to replicate the
core drilling process after manufacturing the virgin material under pressureasglial and radial
stresses during the Constant Mean Stress (CMS) test on a damaged core (Holt et al., 2000a).

In the second approach, the synthetic rock was first unloaded to replicate the core drilling
processkigurel-8c). They also compacted the sample (right sideigfirel-8c) to obtain
the stiffness of the cored sample. Their results showed that the cored sample has a lower

stiffness compared to the virgin materighnd then, without any human touch of the

12



unloaded specimen, it was loaded uniaxially following the standard UCS test procedure.
Their results showed that the UCS of the specimens following the coring process was 20%
to 50% of those of the virgin material. Holt et al. (2000a) suggested a nevatabplJCS

test procedure, depicted ifrigurel-8d, referred to as the Constant Mean Stress (CMS)

In thisapproach both radial and axial stresses were initially increased to 50% of the
expected UCS. Subsequently, radial stresses were reduced to zero while simultaneously
increasing the axial load until failure. The purpose of this test was to close-onaxks
induced by coring and minimize their impact on the test resuRgyure1-9 shows an
example of core disking observed following the core drilling simulation conducted on the
synthetic cores. Holt et al. (2000a) concluded that core damage is inevitable and
suggested that additional numerical simulations could offer deeper insigiidsthe

mechanisms behind this type of damage.

| ik -. i
Figurel-9 Core disking observed following core drilling simulation on synthetic sandstone
(Holt et al., 2000a).

Chen et al. (2023) conducted laboratory experiments of core drilling within granitic rocks
to quantify core damage as a function of sampling depth, represented by confining
pressure. For this purpose, they extracted 300 x 300 x 306G gmamitic rock blocks
(Figurel-10a) from depths of 10 to 50 m below the ground surface in an open mine in

China. The confining pressures were applied to all four sides of the blocks to replicate the

13



far-field in situ stress conditiongigurel-10b shows the laboratory setup for the core
drilling experiment. The core drilling experiment was conducted for confining pressures

of 0, 10, 20, 30, and 40 MPa. For each test, the confining pressure was kept constant, and

three 50mm-diameter cores were dited using the upper core drilling machine.

)
e

$ ) “

2) b)

Figurel-10a) Granitic blocks used in the core drilling experiment; and b) tegstemshowing
the core drilling conducted on a block under a given confining pressure in two directions (Chen
et al., 2023).

Figurel-11shows the cores drilled from blocks under various applied confining pressures.
As can be seen in this figure, under the confining pressures of 0 and 10 MPa, no visible
cracks are formedHigurel-11 a and b). However, at a confining pressure of 20 MPa, a
single fracture appeared in the middle of two cor&sg(re1-11c). Clear corglisking
fractures are identified under the confining pressure of 30 MPa, and systematic disking

occurs in the blocks under a confining pressure of 40 MPa.
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Figurel-11 Cored samples drilled through blocks under different applied confining pressures:
a) 0 MPa; b) 10 MPa; c) 20 MPa; d) 30 MPa; e) 40 MPa, and f) zecoméelw of disks (Chen et

al., 2023).

The results of laboratory experiments Bhen et al. (2023hdicated that as the initial
confining pressure (i.e., depth) increases, damage, and subsequently porosity increases.
Furthermore, the core disking fractures were generated perpendicular to the core drilling
direction (i.e., perpendicular to the core lomgis).Figurel-12 shows the stresstrain

curves of the damaged granitic samples subjected to unconfined compression. As can be
seen in this figure, the nonlinearity in the stressain curve due to crack closure
increases wittconfining pressurg.e.,depth) and therefore, the stressiduced damage
increasesFigurel-13 depicts the failure modes of the damaged samples after the UCS
tests, indicating a more pronounced axial splitting failure with increased sinelssed

damage.

15



150 e
- a a
—— 10 MPa @)
120 + 20 MPa
- ——— 30 MPa
& ——— 40 MPa
2 90}
2
;7
- 60F
%
<
30+
0 /A L 1

00 01 02 03 04 05 06

Axial strain (%)
Figurel-12 Stressstrain curves of the damaged cores obtained from the UCS test. Note: cores
were drilled from blocks under confining pressures of 0 MPa, 10 MPa, 20 MPa, 30 MPa, and 40
MPa. (Chen et al., 2023).

4 y ~ - T
Figurel-13 Failure modes of damaged cores after the UCS test. Note: cores were drilled from
blocks under confining pressures of: a) 0 MPa; b) 10 MPa; c) 20 MPa; d) 30 MPa; and e) 40
MPa (Chen et al., 2023).

Furthermore, Chen et al. (2023) counted the number of mimaxcks in the cores and
found that the level of damage in the cores subjected to 40 MPa confining pressure was
four times greater than that in the undamaged core. This damage led to a reduction of
21% in the UCS and 28% in the Brazilian tensile strength compared to the undamaged

cores. Moreover, employing 3D continuum numerical modeling, Chen et al. (2023)
16



derived the coring stress paffor six pointsin the center and edge of the core during
drilling. Figurel-14 shows the changes in the minor principal stresg &long the core

axis for two cases of applied confining pressures of 20 MPa (dashed line) and 30 MPa
(solid line), highlighting that the primary cause of core damage is the induced tensile

stresses generated within the core during drilling.

5cm
;

30 cm

20 MPa 30 MPa

---- —— A
.. B2

b

A

Figurel-14 Minor principal stress variatioralong the core axis (i.e., center line and core edge)
during drilling from blocks under confining pressures of 20 MPa and 30 MPa (Chen et al.,
2023).

30 | Distance (cm)

While laboratory experiments to capture the core drilling process and associated core
damage/disking offer valuable insights, they pose some challenges and limitations. For
instance, in these experiments, the same magnitudes of horizontal stresses are ofte
applied to all sides of the specimen, creating uniform horizontafiédd stresses, which

may not truly capture the actual stress state in the field. Moreover, monitoring the
initiation and propagation of micraracks and their failure mechanisms atebtienging

in the laboratory setup. Conversely, numerical simulations serve as a tool capable of

replicating the in situ stress conditions and offer enhanced understanding regarding the
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mechanisms triggering coriigduced damage. In the following section, a review of
numerical simulations of drillinonpduced core damage and disking using various

numerical modeling approaches is presented.

1.2.3 Numerical investigations of core damage

Various numerical methods have been used to simulate the core drilling process and
associated damage. Holt et al. (2000b) employed the Particle Flow Code (PFCamdtwo
three-dimensions to investigate the effect of stress release during coring on damag
formation by replicating the laboratory experiments, with synthetic sandstones
manufactured under stress, conducted earlier by Holt et al. (2000a). Their findings
indicated that the 3D simulation provided closer alignment with the laboratory test
resultscompared to the 2D simulations. Holt et al. (2001) used an indirect approach to
simulate the core drilling process. Instead of dirgahulation ofthe coring process, they
applied the core drilling stress path to the rock specimen in PFC3D. They reloaded the
previously cored specimens (i.e., subjected to a coring stress path) to investigate the
applicability of the Kaiser Effeitavroy 2003 in predicting the maximum fafield stress.

The Kaiser Effect implies that reloading a previously stressed rahtaduces cracks
(acoustic emissions) only when the previously experienced maximum stress is reached
(Holt et al, 2001). WhileHolt et al. (2001successfully predicted the maximum fieeld

stress using the Kaiser Effect, their stress path was simple and did not account for the
tensile stresses generated within the core during drilling. As illustratBdjurel-15, they
simply reduced the vertical stresses to a low value followed by reducing horizontal

stresses to zero.
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Figurel-15 Coring stress path applied to PFC3D model, showing reduction in the vertical stress
followed by reduction in horizontal stresses (from Holt et al., 2001).

Corthésyand Leite (2008) utilized an axisymmetric model in FLAC2D to simulate the core
drilling process previously performed in the laboratory by Obert and Stephenson (1965).
Their simulation employed a Cohesion Weakening Friction Strengthening (CWFS)
constitutive model. Their findings indicated that, depending on thefialid stress state

and the ratio of tensile to shear strength of the rock, core damage and disking could be
solely tensile failure, shear failure, or a combination of tensile and shear failures.
However, the dominant mechanism observed was tensile failure, initiating at the core
center and propagating toward core boundaries. Corthésy and Leite (2008) cautioned
against using core damage and disking as direct estimators-béfdrstresses due tthe
complexities in the mechanisms behind these phenomena and the presence of residual
stresses resulting from the core drilling procesgurel-16a andFigurel-16b show the
residual compressive and tensile stresses, respectively, remained after the core drilling

simulation for a case with an axial stress of 62 MPa and a radial stress of 124 MPa. .
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Figurel-16 Results of core disking simulation using axisymmetric models showing: a) residual
compressive stress; and b) residual tensile stress, remained after coring for the case of radial
stress of 124 MPa and axial stress of 62 MPa (Corthésy and Leite, 2008).

Valley et al. (2010) simulated the core drilling process using the axisymmetric option in
Phase2 (a former version of RS2). Their simulations encompassed three distinct stress
states at the URL: stress domain 1 (130 m level), stress domain 2 (240 neleyeiyess
domain 3 (420 m level). As illustratedrigurel-17, with an increase in the core sampling
depth, the tensile stresses and subsequent tensile yielding within the core increases. As
can be seen in this figure, no core damage (i.e., tensile yielding) occurs at stress domain
1, while the induced tensile stress within the core cause core damage and core disking

in the cases of stress domains 2 and 3.

20



Domain 1 Domain 2 Domain 3

TR
M= &
2/ |:> u_—_-..@ffj 4
F“‘“‘Tﬁ Fﬁﬁﬂ
o=t s
g L% e
P B g &
(N L A

o; [MPal] _WZ indicators
Figurel-17{ AYdzt G SR RIYI 3S o0GSyarts B8AStRAYy3IAV Ay
domain 1, stress domain 2, and stress domain 3 (Valley et al., 2010).
Wilk et al. (2012) simulated the core drilling process in granitic rocks using the
axisymmetric option in FLAC. They explored various constitutive models, including elastic,
elastic perfectly plastic, Cohesion Softening (CS), Cohesive Weakening Friction
Strengthening (CWFS), and Tensile Softening Fi@)rel-18a shows the tensile stress
contour in an elastic model when the coring depth is 20% of the core refeiyjisel-18b
also depicts plastic shear strains generated for the case of elastic perfectly plastic model,
and Figurel-18c illustrates the plastic tensile strain contour for the case of the CWFS
model. Wilk et al. (2012) discussed that an appropriate constitutive model should
promote tensile failure before any shear failure happens. It is worth noting that no-grain
scale hegerogeneity (i.e., grains, grain boundaries, veins, etc.) was explicitly simulated.
Many researchers (e.g., Lan et al., 2010) have highlighted the importance of incorporating
grainscale heterogeneities in the numerical models to promote tensile failutieeagrain
scale. Without explicitly considering rock heterogeneities, modifications to constitutive
models become essential to replicate the observed failure, although such models may not

necessarily capture the true failure mechanism.
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Figurel-18 Simulation results of core drilling using axisymmetric models in FLAC: a) tensile
stress contours in an elastic model when coring depth is 20% of core radius; b) plastic shear
strain contours in an elastic perfectly plastic model; and c) plastic tenditaia contours in the
CWEFS model (Wilk et al., 2012).

Hamdi et al. (2015) investigated the influence of micracks on the shear and tensile
strengths of LdB granite using the FDEM program ELFEN (Rockfield, 2012). For this
purpose, they analyzed the thsections of damaged LdB granite (damage due to coring)
to obtain the size, orientation, and density of miertacks and replicated the micro
cracks in their numerical simulationBigure1-19 depicts a model consisting of pre
existing micrecracks prior to the UCS test simulatiddamdi et al. (2015further
performed uniaxial and triaxial compression as well as the Brazilian tensile tests on the
numerical specimens. Hamdi et al. (2015) discussed that regardless of the origin of these
micro-cracks, they promote tensile stress concentration at theistipading to local
tensile failure. As the load on the rock increases, these miaoks coalesce leading to
macro fracture.Figurel-20 depicts the evolution of crack propagation from the tips of
pre-existing micrecracks in an ELFEN model subjected to unconfined compreBsjoine

1-21illustrates the impact of micrarack intensity on the laboratory properties of intact
22



rock.Figurel-21a demonstrates how the UCS is impacted by the motazk intensity,
andFigurel-21b presents the stresstrain curves of undamaged and damaged numerical
specimens, illustrating the impact of miecoack intensity on their strength and peseak
response. As can be seenFigurel-21b, the nonlinearity in the stresstrain curves was

not captured, as prexisting damage in the numerical specimens was simulated as closed
micro-cracks. It is worth noting thatP(i.e., micrecrack intensity) in these figures is the
ratio of the total fracture trace length over the sampling ar€heir study demonstrated

that an increase in the microrack intensity decreases the tensile strendtig(rel-21c)

and cohesionRigurel-21d), while leaving the friction angle unaffecteeidurel-21d).
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Y

Figurel-19 An example of the ELFEN model consisting of-présting micrecracks (Hamdi et
al., 2015)
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Figurel-20 Simulation of wing crack propagation from the tips of pexisting microecracks in
an ELFEN model under uniaxial loading. Natd color denotes tensile stress concentration at
the tips of microcracks Hamdi et al., 2015)
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Figurel-21 Results of simulation of lab tests on specimens with pegisting micracracks
using ELFEN: a) influence of mien@ck intensity on UCS; b) strestain curves of
undamaged and damaged specimens; c¢) influence of micrack intensity on tensile streng;
and d) influence of micrecrack intensity on cohesion and friction ang{elamdi et al., 2015).

Note: P (micro-crack intensity) is total fracture traces over sampling area.
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Bahrani et al. (2015) simulated the core drilling process using the continuum numerical
program Abaqus with an in situ stress state representing the 420 Level of th&igRie.
1-22a shows the 3D coring stress path obtained from this model and the failure envelope
of the undamaged LdB granite. As shown by the black solid curve in this figure, starting
from the initial stress state, the minor principal stress decreases as the mayjaipal
stress increases, meaning that the deviatoric stress increases. The stresses exceed the
strength envelope in the tensile zone before they reach a zero stress state (when coring
is completed). Bahrani et al. (2015) applied a simplified coring stedbs(grey arrows in
Figurel-22a) to a 2D PFC model previously calibrated against the laboratory properties
of undamaged LdB granite (i.e., UER.3MPa). Their analysis revealed that the induced
tensile stresses formed sthiorizontal micrecracks in the direction of the major principa
stress Figure1-22b). The damaged specimen was subsequently subjected to uniaxial
loading (i.e., UCS test). They found that the mimacks formed during unloading
interacted with those created during uniaxial loading, resulting in a lower peak strength

of roughly 157 MPaompared to 213 MPa for the undamaged LdB granite.
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Figurel-22 Results of core damage simulation: a) 3D coring stress path for a borehole parallel
to the minor principal stress direction and an approximate stress path used to simulate core
damage in PFC; b) miciaracks generated in the core after applying the appnoate stress
path (grey lines in Figure 8a); and c) stressain curves of the undamaged and damaged PFC

specimens (from Bahrani et al., 2015).
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Figurel-22c compares the stresstrain curves obtained from the UCS test simulations on

dzy R YIF 3SR I yR RIFYF3ISR tC/ Y2RSftad '1'a OlFy o
is reduced from 66 GPa to 44 GPa. The results of the UCS tests on damaged LdB granite

by Martn and Stimpson (1994) showed that the closure of maraxcks resulted in a

nonlinear stressstrain curve. This nonlinearity, however, was not captured by the PFC
models because the stress path used by Bahrani et al. (2015) does not capture the change

in K $magnitude in the tensile zone. As a result, the simulated raicacks were not

open, and therefore, their closure during uniaxial loading was not captured in the UCS

test simulations.

Wu et al. (2018) used PFC3D to simulate drifintlyiced core damage in Indiana
limestone. Figure1-23a shows the 3D model constructed in PFC3D. They considered
different stress states to investigate the effect of -feald stresses on core damage
initiation and disk thicknes& heir findings indicated thavhen the maximum principal
stress exceeds 6.5 times the tensile strength of intact rock, core disking can be expected.
Additionally, inall scenarios;ore disking initiated from the outer surface and propagated
inward. Figurel-23b and Figurel-23c display sectional views of the generated micro
cracks within the core alongthegnd zt ESa % NB A LISOG A gS408Pa, T2 NJ
v nn  at.kEI0MPaR etal. (2018) also demonstrated that an increase in the
magnitude of axial stress (stress parallel to the core axis) increases the disk thickness, and
an increase in the magnitude of radial stress (stress perpendicular to the core axis)

decreases the dk thickness.
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a) b) c)

Figurel-23a) Geometry of PFC3D model used to simulate core drilling and associated
damage; b) longitudinal section of the core and the generated micracks (along yaxis); and
c) crosssection of the core and the generated mictracks along-axis, for the cas@ ¥.= 40

at ' I ‘nn at.=XMPg(fomWu et al., 2018).

Bahrani and Valley (2020) developed a combined contindistontinuum model in
3DEC to explicitly simulate the core drilling process and associated core damage. Their
model consisted of two domains: 1) a discontinuum domain in which a Bonded Block
Model (BBM) with tetrahedral blocks (grains) was generated, using the npowperties
obtained through a calibration process; and 2) a continuum domain simulating the rock
near the coreFigurel-24 shows the model geometry, the continuum and discontinuum
domains, and the BBM representing the core before and after drilkiggirel-25 shows

the damage generated in the simulated cores using the stress states representative of the

130 m, 240 m, and 420 m Levels of the URL.
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Figurel-24a) 3DEC continuundiscontinuum model showing the core sections in continuum
and discontinuum domains; and b) a zoomél view of the core (i.e., BBM) before and after
drilling (from Bahrani and Valley, 2020).

Domain 1
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SH=14.2 MPa
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SH =60 MPa
Sh =45 MPa
Sv =11 MPa

Figurel-25 Simulated core damage (i.e., miciaracks) at three stress domains of the URL
(Bahrani and Valley, 2020).

As can be seen iRigurel-25, the core associated with the 420 m Level of the URL is

heavily damaged, and the damage level decreases as the sample depth decreases.
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Bahrani and Valley (2020) further adjusted the miproperties of the BBM (i.e., core

section) to capture the UCS and elastic modulus of both undamaged and damaged LdB
granite. They successfully captured strength and elastic modulus reduction due to the
presence of micreracks and the nonlinearity in the stresisain curves due to the

closure of micrecracks during uniaxial loadingigurel-26). However, their model either

dzy RSNBadAYlIGSR GKS '/ { 2NJ2@0SNBadAYlFIGSR GK
They suggested a model with a more realistic grain geometry (i.e., Voronoi blocks) may

improve the simulation results.
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Figurel-26 An example of stresstrain curves for undamaged and damaged BBM, showing
the nonlinearity in the stressstrain curve of the damaged BBM due to the closure of micro
cracks (Bahrani and Valley, 2020).

1.3 Limitations of Previous Research

In this section, the limitations of previous research reviewed above, including the absence
of grainscale heterogeneities in continuum models, simplistic 2D simulations of core
damage, as well as problems associated the 3D modeling of the coring andravgrc

processes are discussed.
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1 Grainscale heterogeneities

1. Capturing the brittle failure process requires incorporating various types of-gcaile
heterogeneities into numerical models, through Griased Modeling (GBM)
approaches. Various types of graicale heterogeneities include grain geometric
heterogenety (i.e., grains and grain boundaries) and grain property heterogeneity
(i.e., variability in the properties of grains and grain boundaries). However, previous
studies have either ignored the grastale he¢rogeneities (e.g., Holt et al., 2000b;

Holt et d., 2001; Corthésy and Leite, 20@8)selectively considetkecertain sources

of heterogeneity while neglecting others in order to streamline the simulation (e.g.,
Fang and Harrison, 2002; Valley et al., 2010; Kazerani and Zhao, 2010; Bewick et al.,
2012; Bahrani et al., 2014; Bewick et al., 2014; ManouchehriarCand2016; Li and
Bahrani, 2021; Sanipour et al., 2022; Hamediazad and Bahrani, 2022). In Chapter 2 of
this study, a novel approach was adopted that accounts for both grain property
heterogeneiy, involving various mineral types, and grain geometric heterogeneity,
represented by Voronoi blocks, within the continudrased program RS2.

2. While in some studies both grain geometric and property heterogeneities have been
considered in the GBM, they were limited to a single grain structure, thus overlooking
the inherent variability and scatter observed in laboratory test data (e.g., Lan,et al.
2010; Hofmann et al., 2015a & b; Peng et al., 2017; Peng et al., 2018; Abdelaziz et al.,
2018; Sinha and Walton, 2020). Conducting laboratory test simulations on numerical
specimens having different sets of grain structure (known as realizations), ddows
a more comprehensive understanding of the potential range of rock properties and
behavior. By accounting for inherent rock heterogeneity, which leads to variability in
rock properties, it is possible to assess the likelihood of different outcomes and
account for uncertainties in the design. To fill the research gap, in Chapter 2, ten
unique, randomly generated, grain structures were generated in RS2, and their

strength variabilities were investigated and compared to laboratory test data.
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3.

In previous studies (e.g., Gao and Stead, 2@ gzvinian et al., 2014ao et al.,
2016), both polygonal (Voronoi) and triangular gains have been used to represent rock
mineral grains in the discontinuwtvased models and the advantages and limitations
of each were discussed. Nevertheless, no study has systematically conmeadeds
utilizing polygonal and triangular grains within the hybrid continudiscontinuum
models. In Chapter 3 of this study, models having Voronoi and triangular grains were
generated in the hybrid continuusdiscontinuum program Irazu, and the advantages
and disadvantages of each model in simulating rock behavior under loading and

unloading conditions are discussed.

1 Coring stress path

1.

In the studies reviewed abovepring stress paths obtained from 3D elastic models
are more complex than those applied to the 2D models. The stress paths utilized in
the previous studies included the reduction of one principal stress to zero followed by
the reduction of the other pringal stress to zero ignoring the unloadingluced
tensile stresses. It is known that the rock strength is stress path dependent (Martin,
1993; Martin, 1997; Hajiabdolmajid et al., 2002), and each of the abhwmioned
stresspaths may result in a uniqgue damage pattern within the rock. Therefore, it is
necessary to apply a stress path that also considers changes in the stress magnitude
in the tensile zone. For this purpose, in Chapters 2 & 3, a more representative stress
path that accounts for the changes in the stress magnitudes in the tensile, 28ne
applied to 2D models

As evidenced in the literature, the core drilling process generates tensile stresses
within the core. The induced tensile stresses are expected to open the {triaois

result in nonlinearity in the stresstrain curve due to their closure during uniaxial
loading. However, none of the 2D models reviewed above were able to capture this

initial nonlinearity in the stresstrain curves (Hamdi et al., 2015; Bahrani et al., 2015).
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In Chapter 3 of this study, the tensile stresses applied to the undamaged models
during unloading resulted in the opening of the mign@acks. It is demonstrated that
the closure of these open miciwracks during uniaxial loading results in the

nonlinearily in the stressstrain curve.

9 3D simulation of the coring and overcoring processes

Core drilling and overcoring are 3D processes. As discussed by Bahrani et al. (2019), during
coring, the magnitudes and orientations of the principal stress components within the
core continuously change, resulting in the generation of maracks orientd at various
angles. These micreracks may affect the damage initiation and propagation stress levels,
stress memory, and strength. For a realistic representation of stress changes and the
corresponding damage initiation, Bahrani et al. (2015) emphasiaednecessity of
simulating core/overcore damage using 3D discontinuum models that encompasses all
sources of graiscale heterogeneities. However, running such complex models is
computationally impractical. Consequently, in previous 3D coring simulat&orege
simplifications were considered. The limitations associated with those simplifications are

discussed below.

1. In the 3D simulations of the coring process reviewed above, except for the work by
Wu et al. (2018) and Bahrani and Valley (2020), axisymmetric analysis in 2D software
packages was used (Corthésy and Leite, 2008; Valley et al., 2010; Wilk et al., 2012).
While axisymmetric models can be useful for simplifying complex 3D problems, there
are some limitations associated with them. These limitations arise from the
assumption that the problem is symmetric around an axis, and that the stress
componens perpendicuar to the axis of symmetry are equal. One drawback of this
assumption is that grakscale heterogeneities such as grains and grain boundaries

cannot be simulated. The drawback of this approach is particularly evident when
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attempting to represent situations where the stress field is not radially symmetric, as

is the case with fafield stresses at the URL. In Chapter 4 of this study, the coring
process is explicitly simulated in 3DEC.

. Bahrani and Valley (2020) addressed these limitations by employing 3D discontinuum
models using 3DEC to explicitly simulate the core drilling process. Their model
successfully captured stregsduced damage, the nonlinearity in the strestigain

curve dueil 2 ONJ O]l Of 2adzNBZ FyR (KS NBRdAzOGAZ2Y
| 26 SOSNE (KS@ SAUGKSNI 208SNBaldAYFGISR GKS | 2
Bahrani and Valley (2020) used tetrahedral blocks in 3DEC to simulate grains, and the
grain boundaries intheir model followed specific orientations (i.e., not randomly
oriented). Therefore, the grain structure in their model was not a good represemntati

of real grain structures in brittle rocks. Bahrani and Valley (2020) suggested using a
more representative grain structure (Voronoi rather than triangular blocks) in a
discontinuumbased model to potentially solve the probleifo this end, in Chapter

4, \bronoi blocks are generated within the cores and overcores in 3DEC.

. No 3D numerical simulation has investigated the effect of borehole orientation on the
stressinduced damaget 2 FAf € (GKS NBaSIFNOK 3IFLBE Ay [ ¢
' YR K2 NAT 2y (i) horehdled anlsimiilsdedd in BZEC 1o investigate the
influence of borehole orientation on the level of core damage.

. Although the overcorinrgnduced damage was observed in the overcored samples at

the URL (Martin and Christiansson, 1991), no numerical study has investigated the
overcoringinduced damage. In Chapter 4, the overcosinduced damage is
investigated throughhe explicit simulation of the overcoring process in 3DEC and to

assess the impact of borehole orientation on the level of damage after pilot hole

drilling and after overcoring.
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In this research, it was tried to address the limitations mentioned above. In the following,

the objectives and methodology adopted in this research are discussed.

1.4 Research Objectives

In this research, a methodology was developed, using numerical modeling, to estimate

the level of stresénduced damage within cores and overcores and to predict the impact

2F O2NB RIEYF3IS 2y (GKS I 062N G2 NBCSIAMIELIS NII A S
Additionally, the mechanisms leading to strésduced micrecrack formation within

cored and overcored samples in hard, brittle rocks under high in situ stress conditions

were investigated. The following provides the hHeglrel objectives othis research.

i Highlevel objectives:

1. Simulatinggrainscale geometric and property heterogeneities2D modelsvith 10
different arrangements of grain structure amgsessinthe effect of elastic property
heterogeneityon macreproperty variability under loading and unloading conditions;

2. Applyingunloading stress path due to core drilling from high stress grouad&D
models and investigating the effects of induced tensile stresses during core dilling
micro-crack formation its opening,and associated reduction in strength and
deformation properties of hard brittle rocks;

3. Simulating the UCS test on the damaged models (following the application of stress
path) andunderstanding themechanisms leading tthe nonlinearity in the stress
strain curves;

4. Investigating the effect of borehole orientation and magnitude offfald stresses on

stressinduced damage in rock samples caused by coring and overcoring;
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| Secondary objectives:

1. Investigating the capabilities of different numerical modelprggrams including 2D
continuum, 2D hybrid continuurdiscontinuum, and 3D discontinuum, in capturing
the stressinduced micrecracks;

2. Developing calibration methodologies in 2D continuum and hybrid contiruum
RAAO2Y UAYdzzY ydzYSNRAROFf LINRPINF Ya (G2 OF LIG dzN
as a result of unloadirmduced micrecracks;

3. Investigating the effect of grain structure (i.e., triangular vs Voronoi blocks) on the
macro-properties as well as the micrand macrebehavior of the hard brittle rocks
under loading and unloading conditions in a 2D hybrid contirisgontinnum

numerial program.

1.5 Research Methodology

In this research, three different numerical methods are used to achieve the objectives of

this research:

1 2D continuum (RS2 by Rocsciend®B2 is a commercial numerical program based on
the implicit Finite Element Method (FEM).

1 2D hybrid continuumdiscontinuum (Irazu by Geomechanicdjazuis a commercial
numerical program based on the hybrid Findéscrete Element Method (FDEM).

91 3D discontinuum (3DEC by Itasc8DEGs a commercial numerical program based

on the Distinct Element Method (DEM).

These numerical methods are used to generate a Grased Model (GBM). In the GBM,

the rock model is made up of blocks, representing grains, that are connected with each
other at their boundaries using a contact or an interface logic. Next, the rpraperties

(i.e., strength and deformation) are assigned to blocks (representing grains) and block

boundaries (representing grain boundaries) and adjusted through an iterative process,
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confined compression tests and direct and/or indirect tensile tests) until the known
macroLINR LISNIIAS& O0A PSP | 2dzy3Qa  Y2Rdzt dzax  dzy
strengths, and direct and/or indirect tensile strengths) and madrehavior (i.e.,

simulated failure modes and popeak response) of the undamaged LdB granite are
reasonably captured. Consequently, the calibrated models are used to investigate the
influence of comg and overcoring on damage formation, through two different

approaches:

1.5.1 Indirect approach by applying 3D coring stress path to 2D
heterogeneous models

In this approach, various GBMs are generated in RS2 and Irazu. The following general

steps and assumptions are taken:

1) The models are first calibrated to the laboratory properties (providedablel1-1)
and strength envelope of undamaged LdB granite. It is assumed in these simulations
that the undamaged models are devoid of natural gesésting) micrecracks.

2) In 2D simulations, once the models are calibrated, an investigation is performed to
determine the proper boundary conditions to apply the unloading stress paths to
undamaged models in RS2 and Irazu.

3) Next, the calibrated GBMs in RS2 and Irazu are subjected to the core drilling stress
path to create damage (i.e., micaacks).

4) Next, various standard laboratory tests (i.e., unconfined and confined compression
and tensile tests) are conducted on the damaged models, and the simulation results
(i.e., strength and deformation properties) are compared with those of undamaged
models tobetter understand the effect of corinmpduced damage on the strength and

deformation properties of hard, brittle rocks.
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5) The micreproperties of the undamaged and damaged models are iteratively adjusted
until the models are calibrated to the macpyoperties and macrdoehavior of both

undamaged and damaged LdB granite using one set of fproqgerties.

1.5.2 Direct approach by explicitly simulating coring and overcoring processes
In this approach, the coring and overcoripigpcesses are simulated using a 3D combined
continuumdiscontinuum model (i.e., 3DEC model consisting of continuum and
discontinuum domains), following the method suggested by Bahrani and Valley (2020).

The following general steps and assumptions are fake

1) A 3D grain structure is generated in Neper, which is an eoemce software
developed to generate complex geometries.

2) The generated model is imported into 3DEC to generate a GBM.

3) The GBM is calibrated against the laboratory properties (i.e., direct tensile strength,
L/ FYR | 2dzy3Qa Y2RdzZ dzaov 2 F dzfphopeMiesISR [ R
are then used to simulate coring and overcoring within a larger continuum model.

4) The coring and overcoring processes are simulated for various depths (i.e., 130 m, 240
m and 420 m) and borehole orientations (i.e., parallel to three principal stress
directions) at the URL.

5) The number of contact failure representing mianacks are used to evaluate the level
of damage within the core caused by coring and overcoring at different depths and

borehole orientations.

It is worth noting that LdB granite has a porosity ranging from 0.2% to 0.5% (Andrews,
1988). This level of porosity is considered very low, and as a result, LdB granite maintains
high compressive strength. Therefore, porosity was not simulated in thearels. The

focus of this study was mainly on the 420 Level of URL. As discussed by Martin et al.

37



(1998), the potable waterin the Canadian Shield generadjges upto depths of ~100 m
and the 420 Level lies below the water table. While valuable studies have examined the
poroelastic response of LdB granite (e.g., Berchenko et al., 2004), this aspect was not

considered in this research.

1.6 Document Overview

¢CKAEd (GKSaia R20dzySyid Aa 2NAIFIYAT SR FT2ff206AY
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comprises five chapters. The first chapter introduced the subject, provided avefie

relevant research, discussed the limitations of previous studies, outlined research
objectives, and discussed the research methodology. The next three chapters (i.e.,
Chapter 2, Chapter 3, and Chapter 4) present the distinct contributions of therobsea

with each chapter containing the manuscript published in or submitted to a journal. The

final chapter encompasses a summary, conclusions, and recommendations for future
work. Also, Appendices A and B provide the preliminary works of this study, ipedbs

conference papers in Rocscience International Conference (RIC) in Toronto in 2023, and
European Rock Mechanics Symposium (Eurock) in Spain 2024. The following provides

additional information about each chapter.

Chapter 21n this chapter, a paper published@omputers and Geotechnisgpresented.

It describes the continuurbased heterogenous models developed to capture brittle
damage and failure of hard rocks under loading and unloading conditions. RS2 is
employed to generate ten unique, randomly generated, grain structures of a
homogeneous GBM (consisting of one mineral type) and a heterogeneous GBM
(consisting of four mineral types with different elastic moduli). The strength variabilities
of these models arénvestigated and compared to laboratory test data. Furthermore,

both calibrated homogeneous and heterogeneous GBMs are subjected to an unloading
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stress path, emulating core drilling conditions, and the effect of grain stiffness
heterogeneity on unloadinrghduced brittle damage and subsequent changes to the

strength and deformation properties of undamaged rocks are explored.

Chapter 3:This chapter includes a papeublishedin Computers and Geotechnida this
chapter, the influence of coring stress path on damage formation and associated changes
in the rock properties are investigated using Irazu. Additionally, the influence of grain
geometry on the failure mechanism is investigated. For this purpmaz models with
distinct grain geometries (i.e., triangular and Voronoi grains) are generated. Both models
are first calibrated against the laboratory properties of undamag# granite and then
subjected to a coring stress path to generate damage in the form of grain boundary micro
cracks. The calibration process also considered the laboratory properties and behaviour
of damaged LdB granite, including the nonlinearity in thressstrain response due to

crack closure.

Chapter 4:This chapter includes a paper submitted Rock Mechanics and Rock
Engineeringand presents 3D simulations of coring and overcoring for variouefar
stresses and borehole orientations. Core drilling and overcoring are first simulated in Irazu
3D to obtain the elastic stresses (stress path) inside the cored and overcored samples
The stresses were compared to the tensile strength and crack initiation stress level of
undamaged LdB granite to assess the potential for damage. Next, discontinuum
simulations of coring and overcoring are carried out in 3DEC in two steps. First, a
laboratory-scale specimen consisting of polygonal blocks representing grains (called
Bonded Block Model or BBM) is calibrated to the properties of undamaged LdB granite.
Next, the calibrated BBM is embedded in a 60 cm x 60 cm x 60 cm continuum 3DEC model
that is assigned the elastic properties of undamaged LdB granite. The discontinuum
domain (i.e., BBM) represents a section of the core in which damage is explicitly

simulated. The simulations are conducted for three stress domains at the URL (i.e.,
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9.

Chapter 5:The concluding chapter of this thesis document offers a thorough summary of
the main research findings and explores their implications for the coring and overcoring.
It also delivers a list of concluding remarks, offering an overview of the contribugimhs

the overall significance of this research. Additionally, this chapter recognizes the

limitations of this study and provides recommendations for future research.
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CHAPTER
Continuumbased Heterogenous Models for Capturing
Brittle Damage and Failure of Hard Rocks Under Loading
and Unloading Conditions

Manuscript published inComputers and Geotechnjasol. 165, January 2024, 105917

2.1 Abstract

Grainscale heterogeneities play a crucial role in the failure process oflirétte rocks.
Previous numerical investigations have often overlooked certain sources of heterogeneity
and the inherent variability in laboratory test data during model calibration. This study
aims to assess the impact of grescale heterogeneities on ngeo-property variability,
internal stress variations, and unloadirgluced brittle damage using continuubased
heterogeneous models. For this purpose, ten realizations of homogeneous (consisting of
one mineral type) and heterogeneous (consisting of fouoineral types) Voronoi
Tessellated Models (VTMs) were generated. These models were calibrated to match the
mean strength of undamaged Lac du Bonnet (LdB) granite. The heterogeneous VTM
demonstrated a stronger agreement with LdB granite in terms of the shaipthe
strength envelope and peak strength variability compared to the homogeneous VTM.
Analysis of internal elastic stresses revealed higher induced tensile stresses within the
heterogeneous VTM than the homogeneous VTM during compressive loading.
Furthermore, it was found that, in contrast to the homogeneous VTM, unloantidgced

brittle damage in the heterogeneous VTM led to a reduction in its peak strength and

L 2dzy3Qa Y2RdzZ dzasx FfAIYyAy3I SAGK €1 02N 02NE

VTM igleemed a more representative model for hard rocks than the homogeneous VTM.
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2.2 Introduction

Geomechanics problems inherently involve uncertainties that cannot be avoided. These
uncertainties stem from challenges in determining design parameters, such as
deformation and strength properties of intact rock, as well as the state of in situ stresses
(Valley et al., 2010). To mitigate these uncertainties, one approach is to increase the
number of samples tested in the laboratory. Nonetheless, testing core samples introduces
variability and scatter in the properties of intact rocks, even when carefulptam

preparation and testing procedure are followed (Pepe et al., 2017).

It is important to distinguish between variability and heterogeneity in intact rocks.
Variability refers to the range of possible values that a rock property can exhibit when
specimens are tested in the laboratory. Heterogeneities in rocks include amtédrintra-

grain cracks at the grain scale, small fractures, veins and cemented joints at the laboratory

specimen and rock block scales, and block forming joints at the rock mass scale.

Grainscale heterogeneities play a crucial role in the failure process of hard brittle rocks,
as they result in the generation of localized tensile stresses even when a rock specimen is
under an overall compressive stress state (Lan et al., 2010). Theskzénol tensile
stresses result in microracking when their magnitudes exceed the local tensile strength

of the specimen, which usually occurs at the crack initiation stress leyat 30-50% of

UCS) of intact rock. As compressive loading continues, roiagks propagate and
coalesce at the crack damage stress leviglat 70-90% of UCS), resulting in the formation

of macrofractures after the peak strength of intact rock is reached (Martin and Chandler,

1994).
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The presence of heterogeneities can also have a significant impact on the mechanical
properties and failure process of hard brittle rocks during unloadingmétical
simulations using thredimensional (3D) continuum methods have revealed that the
state of stress continuously changes in magnitudes and orientations during core drilling
and tunnel excavation (Read et al., 1998; Bahrani et al., 2015). For exdingaleck near

the boundary of an advancing tunnel and within a core may experience an incraase in
magnitude of the major principal stress (i.e., loading), followed by a reduction in the
magnitude of the minor principal stress (i.e., unloading). The induced stresses can exceed
the crack initiation thresholdnd/orthe tensile strength of intact rock, leading to damage

to the rock due to grairscale heterogeneities (Read et al., 1998; Bahrani et al., 2015). It
has been argued that the generated tensile stresses amplify the level of damage to the
rock by initiating n& micro-cracks and/or opening prexisting micrecracks artin,

1997; Read et al., 1998; Eberhardt, 2001; Bahrani et al., R0Ihis damage can
subsequently result in a reduction in the rock strength and elastic modulus during
excavation advance or core drillingahrani et al. (2015) and Amiri and Bahrani (2023)
have demonstrated the necessity for incorporating gratale heterogeneities in
numerical simulations to capture the unloadirgluced brittle damage and associated

changes to the properties of intacteks during core drillingnd tunnel excavation.

Unfortunately, traditional numerical modeling approaches often overlook the inherent
heterogeneities in rocks and their influences on the variability in mechanical properties

by assuming a mean value for rock properties. However, with recent advances in
numerical methods and software programs, it is possible to incorporate gEfe
heterogeneities, such as grains and grain boundaries, in numerical models. These models,
known as GraiBased Models (GBM), represent a rock medium as an assembly of
polygonaltriangular blocks that represent rock minerals. These grains interact with each
20KSNIJ G GKSANI 02dzyRFNAS&asx aAavydzZ F SR dzaiAy3
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The purpose of using the GBM is to capture the-pred postpeak fracturing processes

by replicating the graitike structure of rocks. Achieving this goal requires incorporating
various types of grakscale heterogeneities into a numerical model. These
heterogeneities encompass grain geometric heterogeneity (i.e., explicit simulation of
grains and grain boundaries) as well as grain property heterogeneity (i.e., assigning
different properties to different grains and/or grain boundaries). However, previous
studies have selectively considered certain sources of heterogeneity while neglecting
others in order to streamline the simulation procéesy., Fang and Harrison 2002; Valley

et al. 2010; Kazerani and Zhao, 2010; Bewick et al., 2012; Bahrani et al., 2014, Bewick et
al., 2014; Manouchehrian and Cai, 2016; Li and Bahrani, 2021; Sanipour et al., 2022;
Hamediazad and Bahrani 2022). While in sostudies both geometric and property
heterogeneities have been considered in the GBM (e.qg., Lan et al., 2010; Hoéthalk,

2015a & b; Peng et al., 2017; Peng et al., 2018; Abdelaziz et al., 2018; Sinha and Walton,
2020), they were limited to a single grain structure, thus overlooking the inherent
variability and scatter observed in laboratory test da&mulatinglaboratory tess on
numerical specimens having different sets of grain structure (known as realizations),
allows for a more comprehensive understanding of the potential range of rock properties

and behavior.

By accounting for inherent rock heterogeneity, which leads to variability in rock
properties, it is possible to assess the likelihood of different outcomes and account for
uncertainties in the design. However, the influence of gisgale heterogeneitiesro
macra-behavior and macrgroperty variabilities is still a subject of debate. Additionally,
although similar studies have been conducted using discontinuum modeling approaches
(Inga 2023, this is the first attempt to consider both types of heterogeneiin a
continuum model(note that due to the presence of joint elements, these continuum

models are in fact pseuddiscontinuum models) While previous research has
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incorporated both property and geometric sources of heterogeneity using hybrid
continuumdiscontinuum (e.g., Abdelaziz et al., 2018) or discontinuum (e.g., Peng et al.,
2017) numerical methods, this research is the first attempt to consider both types of

heterogeneity in a continuudbased model.

To fill the research gap, a novel approach was adopted that accounts for both property
heterogeneity, involving various minerals, and geometric heterogeneity, represented by
Voronoi blocks, within a continuwibased numerical model. An important advantadge o
continuum methods (e.g., FEM) is their shorter computational time compared to the
hybrid continuumdiscontinuum and the discontinuum methods. This becomes even
more important when considering a large number of test simulations aimed at
investigating theinfluence of grairscale heterogeneity on the variability of maero
properties, as was one of the objectives of this research. For this purpose, RS2, which is a
commercial numerical program based on the Finite Element Method (FEM), is employed
to generate ahomogeneous (consists of one mineral type) VTM and a heterogeneous
(consisting of four mineral types with different elastic moduli) VTM. The VTMs are
calibrated to match the mean laboratory properties of undamaged Lac du Bonnet (LdB)
granite. To assess ¢himpact of different realizations of grain structure, ten unique,
randomly generated, grain structures of the homogeneous -RB? and the
heterogeneous RSZTM were generated, and their strength variabilities are investigated
and compared to laboratory st data. Furthermore, both calibrated homogeneous and
heterogeneous VTMs are subjected to an unloading stress path, emulating core drilling
conditions, and the effect of grain stiffness heterogeneity on unloadidgced brittle
damage and subsequent chax to the strength and deformation properties of

undamaged rocks was explored.
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2.3 Heterogeneous models for brittle rocks

Various numerical models have been developed to simulate gGafe heterogeneities.
Figure 2-1 summarizes different types of heterogeneous models developed using
continuum (e.g., RS2, Abaqus, FLAC), discontinuum (e.g., UDEC, 3DEC, PFC), and hybrid
continuumdiscontinuum (e.g., Irazu) numerical programs. According to Lan et al. (2010),
grainscale leterogeneities can be classified into two main types: a) grain geometric
heterogeneity, which emerges from variations in grain shapes, sizes, as well as grain
boundary lengths and orientations; and b) grain property heterogeneity, which arises
from different grain and grain boundary deformation and strength properties. However,
as can be seen iRfigire 2-1, the models generated in most of these studies have
overlooked certain sources of heterogeneities. In this section, some of the heterogeneous
models of brittle rocks generated using continuum and discontinuum numerical programs

are reviewed.
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Property heterogeneity
(e.g., Valley et al., 2010; Manouchehrian and Cai, 2016)

- Geometric heterogeneity
(e.g., Bewick et al., 2012; Li and Bahrani, 2021)

Finite Element Method
(FEM: RS2, Abaqus )
Geometric and property heterogeneities
- L. (this study)

Continuum ==
Property heterogeneity
(e.g., Fang and Harrison, 2002)

Finite Difference Method - Geometric heterogeneity

(FDM: FLAC)
L Geometric and property heterogeneities
™ Geometric heterogeneity
APFC ball model: Potyondy and Cundall, 2004
Types of APFC clustered particle model: Potyondy and Cundall, 2004
heterogeneous == APFC clumped particle model: Cho et al., 2007
models AUDEC grain-based model: Kazerani and Zhao, 2010

Discontinuum A Discrete Element Method
(DEM: UDEC, 3DEC, PFC)

APFC grain-based model: Bahrani et al., 2014

Geometric and property heterogeneities
AUDEC grain-based model: Lan et al., 2010
APFC grain-based model: Bewick et al., 2014; Hofmann et al., 2015a &
b; Peng et al., 2017; Peng et al., 2018
A3DEC grain-based model: Wang and Cai, 2018
AUDEC grain-based model: Sinha and Walton, 2020

Geometric heterogeneity

Hybrid continuum Finite -Discrete Element
-discontinuum A Method (FDEM: Irazu) . »
Geometric and property heterogeneities
—

(e.g., Mahabadi et al., 2014; Abdelaziz et al., 2018)

Figure 2-1 Different types of heterogeneous models generated using continuum, discontinuum
and hybrid continuumdiscontinuum numerical programs.

Fang and Harrison (200@)nsidered property heterogeneity to simulate brittle failure by
assigning different deformation and strength properties to different mesh elements,
called zonegytilizing the Weibull distribution function in the continuubased numerical
program FLAQ.hey employed a local (i.e., elemental) degradation model to simulate the
failure process observed in unconfined and confined compression tests. In their
degradation model, when a zone fails, both its strength and stiffness are diedyrd his
degradation process was based on the H8s&wn failure criterion with an elasturittle
constitutive behavior at the element leveBy implementing this model, Fang and
Harrison (2002) successfully captured the anticipated transition in the failure mode as a
function of confinement. However, in their UCS test simulations, the observed failure

mode deviated from pure axial splitting am/olved a combination of axial splitting and
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shearing.It is worth noting that similar to the study by Valley et al. (2010), Fang and
Harrison (2002) did not explicitly simulate grains and grain boundaries in their

heterogeneous models.

Valley et al (2010) assigned different elastic moduli to different mesh elements in Phase2
(an earlier version of the continuwmased numerical program RS2), to include stiffness
heterogeneity in the model of rocks, without explicitly simulating grains grain
boundaries. Their findings indicated that stiffness heterogeneity alone could generate
tensile stresses even when a specimen is under an overall compressive stress field (e.g.,
UCS test). They found that the generation of tensile stresses causestifiion of tensile
damage at approximately 30% of the peak strength during the UCS test, around an
underground opening during an excavation, and inside the core during drilling. They
further increased the level of property heterogeneity, by increasragability in the
,2dzy3Qa Y2RdzZ dza 2F YSaK StSYSydad ¢KSAN FA
as the level of heterogeneity (i.e., variability in mesh element E) increases. Despite being
intriguing, the work by Valley et al. (2010) led to madrea failure mode in the UCS test

simulations, although most mesh elements failed in tension.

Manouchehrian and Cai (2016) generated homogeneous and heterogeneous models of
marble in Abaqus, which is a numerical program based on the FEM, investigating the
effect of property heterogeneity on the strength and failure mode of brittle rocks. They
assigied random mechanical properties (i.e., E, cohesion, and friction angle) to the mesh
elements in the heterogeneous models following a normal distribution. As opposed to
the heterogeneous model, all elements in the homogeneous model were given properties
that were equivalent to the average values of those in the heterogeneous model. This
resulted in lower strength in the heterogeneous model compared to the homogeneous

Y2RSt ® a2NB20SNE (GKSeé& F2dzyR GKI G KfakSNRISY

48



behavior, while heterogeneity in cohesion and friction angle controls the peak and post

peak behaviors during the UCS test simulations.

In the studies conducted by Fang and Harrison (2002), Valley et al (2010), and
Manouchehrian and Cai (2016), only property heterogeneity (i.e., variations in
deformation and/or strength properties) were considered, and no gsmale geometric
heterogeneites were included. Geometric heterogeneity is another important source of
grainscale heterogeneity in order to capture the progressive maracking leading to
macro failure more realistically. When geometric heterogeneities are considered in the
simulatons, grain boundaries are often considered weaker and softer than the grains. It
is anticipated that models lacking grain boundaries tend to overestimatedlas well as

the tensile strength obtained from Direct Tensile (DT) tests.

Numerous studies have utilized the Voronoi tessellation techniques to generate
polygonal graifike structures for simulating graiacale geometric heterogeneities.
Voronoi tessellations have been implemented in the continuum (e.g., RS2), discontinuum
(e.g., UDEC and 3DEC) and hybrid contindisecontinuum numerical programs to
represent graidike structures of intact crystalline rocds. the GBMsthe grains can be
simulated as rigid (no micfproperties required for grain®.g., Kazerarind Zhao, 2010),
elastic (Young's modulus and Poisson's ratio required for grains: e.g., Lan et al., 2010;
Sinha and Walton, 2020), inelastic (strength parameters such as cohesion, friction angle,
and tensile strength required in addition to elastic projes: e.g., Wang and Cai, 2018;
Sinha and Walton, 2020), and breakable (each grain subdivided into severgiasus

e.g., Wang and Cai, 2018).

Lan et al. (2010) used théoronoi tessellatiortechniquein the discontinuurrbased
program UDEC, to examine the impact of both giiale geometric and property

heterogeneities on the failure process of brittle rocks. The property heterogeneity in their
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models arises from four differertypes of mineral grains, which were assumed to be
elastic, and ten different types of breakable grain boundaries. While grain boundaries
were assigned the same strength properties, their stiffness properties differed from each
other. Comparing an irreguid/oronoi structure with a regular Voronoi structure, they
concluded that geometric heterogeneity (i.e., grain shape and grain boundary
arrangement) has the highest impact on the development of localized tensile stresses

compared to property heterogeneity (i.e., grain stiffness).

Bewick et al. (2012) argued that the conclusions made by Lan et al. (2010) are biased
because the regular (honeycomb) Voronoi structure used by them is anisotropic and has
a low potential to generate tensile conditions along the grain boundaries. Bewik et
(2012) used the continuurhased program Phase?2 to examine the effect of grain shape
irregularity and grain boundary orientation on the formation of tensile stresses during
compressive loading of rock specimens. They investigated four distinct Voronoi
tessellations namely regular (or honeycomb), slightly irregular, moderately irregular, and
irregular Voronoi tessellations. According to their findings, the orientation of grain
boundaries and grain system arrangement are two major factors that affect the
generation of internal tensile stresses within a rock specimen. In contrast to the other
three configurations, the regular (honeycomb) Voronoi tessellation produced a distinctive
tensile stress distribution, while other irregular Voronoi tessellatibesaved similarly in

terms of tensile stress distribution regardless of their level of irregularities.

Liu et al. (2018) generated GBMs in PFC, a discontinas®ed program, to investigate
0KS STFFTFSOU 2F KSGUSNRIASYSA (& £dnd23CS Rurigan I NJ A
unconfined compressive test. They introduced a heterogeneity index to quantify imicro
geometric heterogeneity induced by different grain sizes. They simulated LdB granite with
four different types of mineral grains. Their results showttt the higher the
KSGSNRISYySAGRE A RS aE UGSKAShighe? etBrivderisitgéx also
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resulted in a lower DT strength, although the decrease in tensile strength due to
KSGSNR3ISYySAGe ¢l a fSaa airalyvuddandugsi O2 YLI NB

Wang and Cai (2018) developed a GBM with breakable grains by incorporating both intra
and intergrain contacts in the discontinutmased program 3DEC to simulate UCS and
DT tests on LdB granite. They concluded that since -grean contacts are weaker
compared to intragrain contacts, integrain contact tensile failure in the pygeak stage

2F GKS |/ { dJESaAUCS,@adyDT N@ength, whereas irgrain contacts
participate in the pospeak stage of the failure process. However, althougheafipg,
considering intregrain contacts adds another level of complexity to the calibration

process and increases the computation time.

Sinha and Walton (2020) assessed the capabilities of four different GBMs in reproducing
the mechanical behavior of Creighton granite: @gformable grains with only one
mineral grain type and one grain boundary type, (2) ineldptastic)grains with only one
mineral grain type and one grain boundary type, (3) deformable grains with three mineral
grain types and six grain boundary types, and (4) inelgstinis with three mineral grain
types and only one grain boundary type. Their findings suggest that inetgatics are
crucial to capture high confined peak strengths. Additionally, the heterogeneity in grain
type has more effect on récbehavior compared to the heterogeneity in the grain
boundary type, and therefore, the latter can be ignored. Omitting the grain type
KSGSNR3ISySAGe Ay GKSAN Y2 RSyER:. NiSycdatlud&IR Ay |
that a GBM with inelastigrains considering grain type heterogeneity is sufficient to
capture all the brittle rock attributes. It is worth noting that the grains in the work by
Sinha and Walton2020) were continuum and allowed to yield but not break (i.e., intra
grain contacts were ot considered)Sinha and Walton (202 discussedhat in a UCS

test, pre-peak damage initiates along grain boundaries, but intragranular fracturing

becomes important at higher loads, especially uncterfinedconditions.Theycomparel
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different approaches to simulate grain damageGBMs: 1l)an elastic BBM (no grain
damage)2) an inelastidplastic grainsBBM and 3) an elastic BBM with explicit fractures
within each blockTheir findings showed thathile both inelasticand explicitly fractured
blocks improve strength predictions under various confinements, inelastic biooks
accurately capture peak dilation angles and ppsak behaviorUsing a GBM calibrated

to the properties of Blanco Mera granite in UDEC, West and Walton Y2028lucted a
parametric investigation to better understand the impact of mimoperty
heterogeneity on the macrbehavior of a rock specimen under an unconfined and
confined conditions. Their models consisted of four different elastic mineral grairs type
and ten different inelastic grain boundaries. Initially, they assigned deterministic input
micro-properties to all the grains and grain boundaries. Subsequently, they performed
various simulations in which each individual miproperty was considered pbabilistic,

while the remaining input properties were kept deterministic. For instance, to investigate

GKS STFFSOG 2F StlatdAO Y2Rdzt dzd O0A PSPPI 90 R

while keeping other input micrproperties constant. Theelel of heterogeneity was
increased by expanding the range of input miproperties. Their findings demonstrated

0 K I ciland peak strengths decreased as the heterogeneity level in grain boundary
cohesion increased (i.e., greater range for cohesion). KEGrNJY 2 NIvas not
significantly impacted by increasing the heterogeneity in any single mraperty alone.

| 2 ¢ S @& MBer both unconfined and confined conditions were reduced as the

heterogeneity in all input micrproperties was increased simultaneously.

As mentioned earlier, numerical investigations using the GBM approach summarized
above, were limited to a single realization for grain structure, overlooking the inherent
variability and scatter observed in laboratory test data. Repeating laboratory test
smulations for different sets of grain structure allows for a more comprehensive

understanding of the potential range of rock property and behavior. To take variability in
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rock properties into consideration, Li and Bahrani (2024yeloped a GBM using the
continuum numerical program RS2 to replicate the laboratory behavior of intact and heat
treated (granulated) Wombeyan marble. They repeated laboratory test simulations on
five models with different Voronoi joint network realizatis. The results of different
realizations showed variability in the maepooperties.Their models, however, included
only one mineralgrain type, ignoring grain property heterogeneity, which resdlin a

small range in the peak strength. For instance, in their UCS test simulation, five different
realizations resulted in the minimum, mean, and maximum values of 70.4 MPa, 74.5 MPa,
and 77.7 MPa, respectively. This resulted in an insignificant rahg® &Pa, which may
seem small compared to typical variability observed in the laboratory UCS test data. For
example, for LdB granite, the laboratory UCS tests produced the minimum, mean, and
maximum values of 155 MPa, 201 MPa, and 245 MPa, resultingidteaange of 90 MPa.
Fang and Harrison (2002), Valley et al. (2010), and Manouchehrian and Cai (2016) showed
that higher levels of heterogeneity in rock results in a higher variability in macro

properties of rocks.

The studies reviewed above have either ignored one source of heterogeneity or they have
not accounted for the inherent variability resulting from different core samples.
Additionally, no GBM has been developed using a continbased heterogeneous
model that accounts for both property and geometric heterogeneities. To fill the research
gap, this paper focuses on investigating the impact of both ggaate geometric and
property (stiffness) heterogeneities on maepooperty variability by comparing the
resuts of homogeneous (consisting of one mineral grain type) and heterogeneous
(consisting of four mineral grain types) R&PMs calibrated against the laboratory
properties of LdB granite. It is worth noting that graicale property heterogeneity stems
from various strength and deformation properties of the grains and grain boundaries.

Although an ideal model would incorporate all sources of property heterogeneity, this
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study focuses on grain stiffness heterogeneity to analyze its impact on material response

under both loading and unloading conditions.

Furthermore, the micreproperties of both calibrated VTMs are employed in ten distinct
realizations of grain structure to examine the impact of grain stiffness heterogeneity on
the variation of macrestrength properties. Subsequently, an unloading (cor#iuig)
stress path is applied to both calibrated homogeneous and heterogeneous VTMs to
explore the effect of grain stiffness heterogeneity on unloadimduced brittle damage

and subsequent changes to the strength and deformation properties of intacsrddie
findings will provide valuable insights for improved understanding and prediction of the
behavior of hard brittle rocks drilled from higdtress environments, aiding in the

assessment of more reliable design parameters for deep underground exaawatio

2.4 Homogeneous and Heterogenous Voronoi Tessellated Models
(VTM) for Lac du Bonnet (LdB) Granite

In this section, the generation and calibration of homogeneous and heterogeneous RS2
VTMs are discussed. For this purpose, first, the laboratory properties of undamaged and
damaged LdB granite, including their strength and deformation properties usedifeim

calibration are presented. Next, the calibration procedure is described, and the numerical

simulation results are analyzed.

2.4.1 Laboratory Properties of LdB granite

The URL, located in Manitoba, Canada, was constructed within LdB granite (Martine et
al.,, 1997). Martin and Stimpson (1994pnclucted a comprehensive study on the
laboratory properties of LdB granite, examining samples obtained from various depths

(0¢ 1000m). They argued that sample disturbance affected the laboratory properties of
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LdB granite at depths in which the maximumi@id stress exceeded 10% of the UCS of

undamaged specimens (i.e., core samples obtained from shallow depths).

Martin and Stimpson (1994) discussed that the process of drilling cores from a stressed
medium at the 420 level of the URL resulted in damage to the cores. This damage
noticeably affected the mechanical properties of rock specimens determined in the
laboratory, as indicatedn Table 1. Moreover, it was noted that such damage could
potentially impact the accuracy of stress measuremesilts (Martin and Christiansson
1991). At the URL, two types of sample disturbance due to drilling, known as core disking
and core damage (i.e., micicracking) were identified. The observed sample disturbance
was attributed to the complex 3D stress path experienced by the core during the drilling

process (Lan et al., 2010; Bahrani et al., 2015; Bahrani et al., 2019).

Table2-1 Summary of laboratory properties of undamaged and damaged LdB granite (Martin,
1993; Martin and Christiansson, 2009; Martin and Stimpson, 1994).

; E UCs "+ (MPa)
LdB Granite (GPa) (MPa) = -
Undamaged
(130 Level) 69+5.8 20022 9.3%1.3 6.9+1.1
Damaged 510+16 1571+17.7 ] L
(420 Level) e Lt Ll .
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Figure 2-2 a) Peak strength of undamaged LdB granite from laboratory triaxial tests along with
the HoekBrown failure envelope fitted to the test data; and kstressstrain curves of LdB
granite (Martin, 1997).

In this study, the properties of undamaged LdB granite (liste@ainle }, the confined
peak strengths up to 60 MPa confinemefiidire 2-2a), and the stresstrain curves
including the pospeak response of LdB graniteidure 2-2b) are used to calibrate the
homogeneous and heterogeneous REPMs. Following calibration, models are used to
assess the impact of grastale heterogeneity on macro strength variability. Next, a core
drilling stress path obtained from 3D elastic continusimulations is applied to the
calibrated models and the capability of each model for capturing brittle damage and
subsequent reduction in strength and deformation properties, as presented in Table 1, is

investigated.

2.4.2 VTM for LdB granite

In this study, the builn joint network option in RS2 was used to generate a VTM. To
create a Voronoi structure, RS2 employs the Poigsoimt processfor the random
generation of seeds (or generators). Subsequently, equidistant lines are drawn between
pairs of adjacent seeds, and these lines collectively delineate the Voronoi cell associated

with each seed. In an R§ZM, grains are represented as Voooiblocks consisting of

56



several triangular mesh elementSiure 2-3a). Block boundaries (i.e., contacts between
grains) are simulated as op@mded joint elements. As illustrated Figure 2-3b, a joint
element in RS2 is a fomodded quadrilateral element with a negligible thickness (Riahi
et al., 2010). Prior to any deformation, two sides of the joint element have the same
length, and adjacent nodes share the same position (e.g., node 1 aohel 4 inFigure
2-3b). Upon displacement of the blocks, the nodes can move normally and tangentially
from each other, provided that these mechanisms do not change the contacting node
couples Figure 2-3c). Consequently, RS2 can simulate large deformations and rotations;
however, it cannot capture joint element breakage and block detachment (Riahi et al.

2010).

In RS2VTMs, micreproperties are assigned to both blocks (mesh elements) and block
boundaries (joint elements) and are adjusted through an iterative process known as
Y2RSt WOIF f A0 NI GA 2y Propdnjes Ad, stierfgth antl vetodmytiony | O NP
properties) and macrdoehavior (i.e., failure mode and pegeak response) of rock
specimens from laboratory tests are replicated. When properly calibrated to match the
known macreproperties and macrdehavior, the RSYTM has demonstrated its
capability to smulate the failure process of hard brittle rocks at both laboratory and field
scales. This is supported by the successful simulation of laboratory unconfined and
confined compression tests on Wombeyan marble by Li and Bahrani (2021), as well as the
simulaion of drillinginduced core damage by Amiri and Bahrani (2023). Furthermore,
calibrated RS¥TMs have been effectively employed to simulate hard rock pillar failure
by Hamediazad and Bahrani (2022) and the formationsifaped notch around the URL
testtunnel by Sanipour et al. (2022). A review of these simulations usiny R8zhave

been presented by Bahrani et al. (2023).
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Figure 2-3a) An RS2/TM consisting of Voronoi blocks and joint elements (Amiri and Bahrani,
2023); b) an RS2 joint element before deformation (Li and Bahrani, 2021); and c) an RS2 joint
element after deformation (Li and Bahrani, 2021).

In an RSXTM, Voronoi blocks consisting of mesh elements and block boundaries

simulated as joint elements are assigned two sets of properties:

1 Deformation properties:
o .f2014ay ,2dzy3Qa Y2Rdzidza YR t2Aa4a2yQa

o Block boundaries: Normal stiffness)&nd shear stiffness dk

1 Strength properties:
o Blocks: Peak and residual cohesion, peak and residual friction angle, peak and

residual tensile strength
0 Block boundaries: Peak and residual cohesion, peak and refidtiah angle,

peak and residual tensile strength
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Note that Sanipour et al. (2022) and Amiri and Bahrani (2023) also calibrated their RS2
VTMs to the laboratory properties of undamaged LdB granite. The model calibration

presented in this study differs from those of Sanipour et al. (2022) in the following:

1 RS2/TMs for laboratory test simulations have the same size as standard laboratory
specimens (i.e., 6 cm by 12 cm). In contrast, the model size utilized by Sanipour et al.
(2022) was 60 cm by 120 cm.

1 Specimens were calibrated to the peak strength for the full range of confinement (0
60 MPa), whereas Sanipour et al. (2022) simulated the confined compression tests up
to 25 MPa confinement.

1 The posipeak behavior in the confined compression tests as well as the direct to
Brazilian tensile strength ratio (i.e., 0.75) of LdB granite were considered as a

calibration target.

In addition, the simulation in this study differs from those of both Sanipour et al. (2022)

and Amiri and Bahrani (2023) in the following:

1 The average grain size of the REEMs in this study is consistent with the average
grain size of LdB granite (i.e., 2.5 mm). To match the average grain size of LdB granite,
a joint element length of 1.4 mm was utilized, which led to 26 grains acrossittie w
of the numerical specimen. In contrast, the studies conducted by Sanipour et al.
(2022) and Amiri and Bahrani (2023) employed joint lengths of 26 mm and 2.5 mm,
respectively. While these joint lengths resulted in more than 10 grains across the
width as recommended by the ISRM (1979), they produced grains larger than the
average grain size of LdB granite.

1 In this study, the simulations incorporate heterogeneity in mineral grain types,
whereas both Sanipour et al. (2022) and Amiri and Bahrani (2023) solely focused on a
single mineral grain type in their simulations (i.e., homogenous VTM).
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The calibration process in this research involves the simulation of unconfined
compression, confined compression, direct tensile (DT) and Brazilian tensile (BT) tests.
Figure 2-4 shows the boundary conditions used to simulate these tdstthe simulations

of UCS, DT, and BT tests, the lower boundary of the model was fixed irdtrexton
except for the midpoint, which was fixed in both the-xand ydirections. The
displacement was then applied to the top model boundary in successiges at a rate

of 0.0001 m per stage, until the numerical specimen failed. In the confined compression
test simulations, the first stage involved imposing confinement to the sides and top
boundary of the model using the constant stress boundary. In tisasquent stages, the
stress boundary on the top of the model was removed, and vertical displacement was
applied. The stresses at each stage were calculated by averaging the major principal
stresses at all node locations within the RGEM. For the straicalculation, the applied
displacement was divided by the length of the specimérs important to note that in

the simulation of the DT test, the average of minor principal stresses at all node locations
was used to calculate the tensile stress. However, in the Brazilian test simulations, the

following equation was used to determirlee tensile stress (ISRM, 1978).

Equationl

" 00

In the above equation, D, t, and F are the specimen diameter (m), the thickness, and the
sum of reaction forces (N), respectively. A thickness of 1 m was assumed to calculate the

tensile stresses using the above equation.
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Figure 2-4 Boundary conditions in RS2TM used to simulate laboratory tests: a) unconfined
compression; b) confined compression; c) direct tensile; and d) Brazilian tensile tests.

LdB granite consists of multiple mineral grain types, as listed in Table 2. It is commonly
assumed in GBMs that rocks are composed of a single mineral grain type. However, to
explore the impact of this assumption on simulation results and the resultinghiity

in the macreproperties of the models, two types of RS§ZMs were generated: a)
homogeneous VTMs, where the specimen consists of a single mineral grain type, and b)
heterogeneous VTMSs, where four different mineral grain types were considereckin th

simulations.
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Table2-2 Different mineral grain types in LdB granite, their respective properties, abundance
and their average properties (Lan et al., 2010; Wang and Cai, 2018).
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Itis important to highlight that in both homogeneous and heterogeneous VTMSs, the grain
structure and the type, number and geometry of the mesh elements are identical.
Therefore, the only difference between the two models lies in the number of mineral
grain types simulatedin the subsequent sections, the calibration procedure and the
results of unconfined and confined compression as well as the direct and indirect tensile

test simulations for both homogeneous and heterogeneous VTMs are presented.

2.4.3 Calibration of Homogeneous VTM

As discussed in the previous section, an-RBRI requires sixteen input parameters
(called micreproperties). Therefore, the number of unknown migeooperties exceeds

the number of known macro properties presentedliable2-1. In order to streamline the
calibration process, some assumptiomsre made. The first assumption is that the ratio

of ki (normal stiffness) to (shear stiffness) is set to 2.5, consistent with previous studies
(e.g., Sanipour et al., 2022). Additionally, it was assumed that the residual tensile strength
and cohesion of both blocks and block boundaries is 0.1 MPa. This particular assumption,

as demonstrated by Amiri and Bahrani (2023), is essential for capturing the brittle post
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peak behavior of LdB granite (i.e., rapid stress drop following the peak stress) even at high
confining pressures (e.g., 60 MPa), as showkigmre 2-2b. Moreover, it is assumed that

the elastic properties of the blocks (i.e., grains) in the homogeneous/RBPRare equal

to the weighted average of the four main mineral grain types in LdB granite, as presented
in Table 2 (i.e., E = 78 GPa gnd0.22).

The flowchart irFigure 2-5 shows the calibration procedure adopted in this research. The
calibration process initiated with the simulation of a UCS test, where the valuggaf k

kO 6SNB | R2edzadSR G2 FOKAS@S | YIF{IOK @gAlGK
Subsequently, the DT test was simulated, and the tensile strength of the block boundaries
was adjusted to match the DT strength of LdB granite. Utilizing the adjustde &nd

block boundary tensile strength, the BT strength of LdB gravaematched by adjusting

the tensile strength of the blockBlext, the UCS and leeonfined compression tests (up

to 10 MPa) were simulated, employing the adjusted migroperties to refine the block
boundary cohesion and friction angle. Following this step of model calibration, confined
compression tests (up to 6RIPa confinement) were simulated to match the confined
strengths by adjusting the block cohesion and friction angle. Once the final step was
completed, all the tensile and compression tests were simulated again to ensure a
comprehensive alignment with athown macreproperties and macrdehavior. When

necessary, this iterative process was repeated to-furee the micreproperties.
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Figure 2-5 General calibration procedure for homogeneous and heterogeneous-RERIs.

Table 3 lists the micrproperties andFigure 2-6 presents the peak strengths of the
calibrated homogeneous VTM. IRigure 2-6a, the average peak strengths of the
calibrated homogeneous VTM at different confining pressures are compared with those
of laboratory tests conducted on LdB granite, which demonstrates a strong agreement
between the results of laboratory tests and numatisimulations.Figire 2-6b also
displays a reasonable agreement between the peak strengths derived from ten
homogeneous VTMs with different joint network realizations and the HBekvn

strength envelope fitted to the laboratory triaxial test data for undamaged LdB granite.

64




Table2-3 Micro-properties of the calibrated homogeneous RS M.

Micro-properties Block Block boundary
Cohesion (MPa) 95 55
Peak strength Friction angle (°) 63 55
Tensile strength (MPa) 20 9.8
Cohesion (MPa) 0.1 0.1
Residual strength Friction angle (°) 59 55
Tensile strength (MPa) 0.1 0.1
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Figure 2-6 Comparison between: a) average peak strengths obtained from ten homogeneous
RS2VTM realizations, LdB granite triaxial test data, average LdB granite peak strength, and
the HoekBrown failure envelope fitted to the LdB granite triaxial test data (Martir®Q7); and
b) peak strengths obtained from ten homogeneous R®EMs and LdB granite triaxial test
data. Note: error bars indicate the minimum and maximum peak strengths of the calibrated
homogeneous RSYTM obtained from ten joint network realizations.

Figure 2-7 presents the stresstrain curves and failure modes of unconfined and confined
compression tests simulated on the homogeneous-RBEI. The comparison between
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the results of laboratory testsF{gure 2-2b) and numerical simulationg=igure 2-7a)
reveals that the pospeak response of the calibrated homogenous VTM is brittle, even at
KAIK O2y TAYAY 3 60WNRE)awhidaNSSansistest @iEhahat of LdB granite
(Figure 2-2b). Note that the brittle response with a sudden stress drop following the peak

stress was captured by assuming a block residual cohesion of 0.1 MPa.
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Figure 2-7 Results of unconfined and confined compression tests simulated on homogeneous
RS2VTM: a) stressstrain curves; b) yielded joint elements; and c) yielded mesh elements in
the postpeak loading stage.

Figure 2-7b andFigure 2-7c illustrate the yielded joint elements (intgrain failure) and
yielded mesh elements (intrgrain failure) at the pospeak loading stage, respectively.
Prior to reaching the peak stress, the yielded joint elements (represented by red lines in
Figure 2-7b) are subparallel to the long axis of the numerical specimen. However,

immediately following the peak stress, the yielded joint elements coalesce, leading to the
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formation of throughgoing yielded zones representing madractures. The simulated
macrofractures are subparallel to the long axis of the specimens at low confinements.
The failure mode transitions to shear bands as the confinement increAsesedium
levels of confinement (i.e., 1 30 MPa), two inclined shear bands can be observed,
whereas increasing the confinement resulted in the formation of a single shear band. At
zero and low confining pressures-10 MPa), the yielded joint and meslements ae
scattered throughout the specimen. However, as the confinement increases, both the
yielded joint and mesh elements become localized, ultimately leading to the formation of
one or two shear bands. Furthermore, with increasing confinement, the numbemif jo
and mesh elements yielded in tension decreases. Conversely, the number of mesh
elements yielded in shear increases as the confinement increases. Additionally, the
overall failure mode of RS2TM at low confining pressures is axial splitting, transitign

to a shear failure at high confinement, which is consistent with the results of laboratory

tests on granite reported by Basu et al. (2013) and Ghazvinian (2010).

Figuire 2-8a andFigure 2-8b depict the stresstrain curves and failure modes of the
calibrated homogeneous R&2Z'M from the simulations of BT and DT tests. It is evident
that in both tests, the stresstrain curves exhibit a noticeable and rapid reduction in
stress following the pak strength Figure 2-8c andFigure 2-8d display the yielded joint
elements (figure on the left) and yielded mesh elements (figure on the right) following
the peak stress in the BT and DT tests, respectively. In the BT test, the yielding of joint
elements (representing grain boundary failurejtiates from the center of the disk at
approximately 33% of the peak stress. The yielding propagates towards the upper and
lower boundaries of the disk as the load increases. Additionally, yielded mesh elements
(representing grain failure) initiate nedré center of the Brazilian disk at the peak stress.
The yielding propagates towards the upper and lower boundaries of the Brazilian disk

following the peak stress. The initiation of the failure from the center of the Brazilian disk
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aligns with the anticipated failure mode of the BT test observed in the laboratory (Perras
and Diederichs, 2014), thereby validating the simulation results. In the case of the DT test
simulation, the yielding of the joint elements initiates at approximat@0% of the peak
stress. Some mesh elements yielded in tension are observed near the yielded joint

elements only in the pogbeak loading stage.
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Figure 2-8 Results of Brazilian and direct tensile tests simulated on homogeneous\RB\:

stressstrain curve in: a) Brazilian; and b) direct tensile tests. Yielded joint elements (left) and
yielded mesh elements (right) in: c) Brazilian; and d) direct tensile $est

In the DT test simulation, the primary factor leading to failure is grain boundary yielding,
as depicted inFigure 2-8d. However, in the BT test simulation, both grain and grain
boundary yielding contribute to the failure. It is worth noting that grains possess a higher

tensile strength compared to the grain boundaries, which could explain why the BT
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